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ABSTRACT
The strictly allopatric model of speciation makes definable predictions on the pattern of divergence,

one of which is the uniformity in the divergence time across genomic regions. Using 345 coding and 143
intergenic sequences from the African great apes, we were able to reject the null hypothesis that the di-
vergence time in the coding sequences (CDSs) and intergenic sequences (IGSs) is the same between
human and chimpanzee. The conclusion is further supported by the analysis of whole-genome sequences
between these species. The difference suggests a prolonged period of genetic exchange during the for-
mation of these two species. Because the analysis should be generally applicable, collecting DNA sequence
data from many genomic regions between closely related species should help to settle the debate over
the prevalence of the allopatric mode of speciation.

THE allopatric mode of speciation is the tenet of the In strict allopatry, all the genes in the genome should
neo-Darwinian view of speciation (Mayr 1963). In have the same divergence history (t in Figure 1A) but

this view, a geographical barrier preventing gene flow vary in the coalescence time, which is exponentially
is a prerequisite for speciation. Without such barriers, distributed with mean equal to 2Ne (Ne being the effec-
gene exchanges during the process of species formation tive population size at the time of speciation, Figure 1A).
would obstruct the process as such exchanges would We discuss more complex forms of allopatric speciation
destroy the adaptive gene complexes and obliterate the later. Note that time is measured in units of generation
accumulated differences between nascent species. On throughout this report. A large variance in DNA diver-
the other hand, there is no compelling population ge- gence can be due to either variation in t across loci or
netic reason why divergent adaptation cannot proceed a larger-than-estimated Ne, both of which can enhance
in the presence of continuous gene flow (e.g., Navarro the variance in divergence among loci. Although there
and Barton 2003). A most common mode may be para- are many studies for estimating Ne, they all assume con-
patric speciation when nascent species are geographi- stant t across loci, or strict allopatry, precisely what we
cally connected by gene flow (Mayr 1963; Endler 1977). wish to test. Interestingly, when t is assumed to be a
The extreme form of gene flow is represented by sympat- constant, the estimated Ne’s for the ancient species are
ric speciation (Dieckmann and Doebeli 1999; Kondra- usually far larger than those for the extant populations
shov and Kondrashov 1999). Parapatric speciation may (Ruvolo 1997; Takahata and Satta 1997; Chen and
best be envisioned at the genic level (Wu and Ting 2004) Li 2001; Yang 2002; Wall 2003). These studies thus
where portions of the genome progressively become hint at the possibility of nonconstant t.
divergently adapted and hence nonexchangeable be- In this study, we compare coding and intergenic re-
tween nascent species. The genealogical history of the gions for their evolutionary dynamics during speciation.
genome would therefore be mosaic with disparate diver- In allopatry, these two types should have the same dy-
gence time among different loci. While most previous namics but, under the parapatric model of speciation,
tests of the allopatric vis-à-vis parapatric mode of specia- could have very different histories. Figure 1B illustrates
tion were based on ecological or biogeographical con- this point, on the assumption that coding sequences are
siderations (Endler 1977; Butlin 1998; Coyne and Price more likely than intergenic sequences to be associated
2000), only a few studies have utilized multiple DNA

with hybrid incompatibility or differential adaptation.
sequences (Kliman et al. 2000; Machado et al. 2002)

The potential for coding regions to successfully movefor this purpose. This analysis represents a genome-wide
across nascent species boundaries may be curtailed earlyperspective on the same issue.
(Figure 1B). On the other hand, intergenic regions, ex-
periencing less impediment to their trafficking between
nascent species, should continue to be exchangeable
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and the substitution number of the ith locus between thesesophila between DNA sequences at or near a speciation
two species be Ki. We assume that Ki � 2liTui without consider-gene (Ting et al. 2000). A recent report also assumes
ing the coalesence component because, if T is sufficiently

that the common ancestors of human and chimpanzee large, the impact of 2Ne should be insignificant. Noting that
went through a period of parapatry (Navarro and Bar- the divergence time between human and chimpanzee is t, we

can now replace �i and �i with (t/T )(Ki/li) � �(Ki /li) andton 2003). However, the observations were reanalyzed
(2Ne/T )(Ki /li) � �(Ki /li), respectively, in Equation 1. � �in light of outgroup data and were suggested to result from
t/T and � � 2Ne/T are the two parameters to be estimatedevents unrelated to speciation (Lu et al. 2003; Navarro
by MLE.

et al. 2003). The log-likelihood function is

L(�, �|2liTui � Ki) � ln �
m
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�MATERIALS AND METHODS

Sequence data: We collected 98 common chimpanzee (Pan and the MLE of the two parameters, � and �, can be found
troglodytes) sequences from the GenBank database, 93 from by numerical iteration.
the 5�-conseusus sequences of Sakate et al. (2003), 19 newly Computer simulations: In the allopatric model, the diver-
determined full-length cDNA sequences from Ryuichi Sakate gence of all genes is fixed at t (Figure 1A), while in the para-
and Momoki Hirai (University of Tokyo), and 135 genomic patric model (Figure 1B), the divergence time is uniformly
sequences of chimpanzee chromosome 22 corresponding to distributed between t and 2t. For 1000 loci, random integers
Ensembl genes of human chromosome 21. Seventy-six gene in the range of 500–1000 are generated for the number of sites.
sequences of gorilla were collected from GenBank. We removed Coalescent times are generated as exponential distribution
from our analysis MHC sequences, whose genealogy was whose mean is 2Ne while Ne satisfies 	 � t/2Ne � 10. t corre-
deeper than human-chimpanzee divergence due to strong sponds to 1% nucleotide divergence with 1.5 
 10�8 substitu-
balancing selection (Satta et al. 1999). DDBJ/EMBL/Gen- tions per generation per site. The number of substitutions
Bank accession numbers of newly determined sequences are is assigned according to the Poisson distribution where the
AB188273–AB188288. mutation rate is uniform among loci. A confidence interval

The sequences were aligned by using the ClustalW program of 95% was calculated by 1000 iterations.
(Thompson et al. 1994) and corrected by visual inspection. Congruence between gene genealogy and species phylog-
Numbers of synonymous and nonsynonymous substitutions eny: Seventy-six gene sequences of human, chimpanzee, go-
were estimated by the method of Li (1993) with equal weight- rilla, and orangutan were used for the congruence test. The
ing among pathways for multiple substitutions in a codon observed genealogies can be (M, M, m), (m, M, M), or (M, m,
(Pamilo and Bianchi 1993). Fifty-three intergenic sequences M) (see Figure 1C), where m and M are the ancestral and
were obtained from Chen and Li (2001). Ninety pairs of 2-kb derived variants, respectively. (m, M, M) and (M, m, M), where
intergenic sequences of human and chimpanzee, which are gorilla shares the derived variant with either chimpanzee or
at least 10 kb apart from genic regions annotated by Ensembl, human, are incongruent with the species phylogeny, in which
were obtained from genomic sequences of human chromo- human and chimpanzee are the closest relatives. In our analy-
some 21 and chimpanzee chromosome 22. Numbers of substi- sis, we first treated each site independently. All CG to TG and
tutions of intergenic regions were estimated by using Kimura’s CG to CA substitutions were masked from the analysis because
two-parameter method (Kimura 1980). of the very high rate of changes at such CpG sites, which often

Maximum-likelihood estimate of divergence time and ances- results in genealogies incongruent with the species phylogeny.
tral population size: We designate ki as the number of synony- Adjacent variant sites within the same locus that show the
mous changes for the ith sequence [either coding sequence same genealogical pattern are counted as one segment. A locus
(CDS) or intergenic sequence (IGS)]. The probability of ob- may have more than one segment showing different phyloge-
serving ki is given by netic patterns, presumably due to recombination.

We designate the observed number of segments that show
the pattern of (M, M, m), (m, M, M), and (M, m, M) a1, b1,P(ki ) �

e �l i�i

1 � li �i
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, (1)
and c1, respectively, for IGS. Likewise, the numbers are a2, b2,
and c2, respectively, for CDS. Under the null hypothesis that

where �i � 2tui and �i � 4Neui (Equation 5 in Takahata and t�/2N e� is the same between coding and intergenic regions
Satta 1997). li is the length of sequence i and ui is the per- (Figure 1C), the likelihood ratio R is
nucleotide substitution rate for the ith sequence. Equation 1
has two components—the Poisson distribution in the diver-
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,gence portion (�i � 2tui) and the “mismatch distribution” in
the coalescence portion (�i � 4Neui), where the absence of
intragenic recombination is assumed.

where a3 � a1 � a2, b3 � b1 � b2, c3 � c1 � c2, n1 � a1 � b1 �Without the outgroup: We first assume that the substitution
c1, n2 � a2 � b2 � c2, and n3 � a3 � b3 � c3 (derived fromrate for CDS (and separately for IGS) is uniform across m loci
Equation 7 in Wu 1991).when the outgroup sequences are not available for calibrating

the variation in the mutation rate. Let � � 2tu and � � 4Neu.
The log-likelihood for Equation 1 becomes

RESULTS AND DISCUSSION
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�. We estimate � � 2tu and � � 4Neu, where u is the per-
nucleotide substitution rate, by the maximal-likelihood

The maximum-likelihood estimates (MLEs) of � and � were (ML) method (Takahata and Satta 1997; see materi-
found by numerical iteration. als and methods). Our objective is to test if t is theWith the outgroup: We now use sequences from an outgroup

same between coding and intergenic regions. However,species, say the orangutan, to filter out the variation in ui. Let
the divergence time between human and the outgroup be T because u many not be the same between two regions,
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Figure 1.—(A) Allopatric speciation. In strict allopatry, there is no gene flow beyond the time of separation. All genes hence
have diverged for a fixed time t and further coalesce with an average length of 2Ne generations. (B) Parapatric speciation. Under
the parapatric model, there is a period of time when gene flow between nascent species is possible. The intensity of shade
indicates the strength of the barrier to gene flow. For genomic regions (such as CDSs) associated with reproductive incompatibility,
early cessation of gene flow is likely. For regions free of such association (including most IGSs), gene flow may continue until
relatively late. (C) Segregation of polymorphisms (m for the ancestral and M for the derived variant) under the allopatric model.
The two speciation events, denoted a and b, were separated by t�, during which time the effective population size is N e�.

we define 	 � �/� � t/2Ne and test if 	 is the same 2Ne is greatly inflated to account for the variation in
the level of divergence among loci. Hence, we expectbetween the two regions. 	 is the relative divergence

accrued after, vis-à-vis before, speciation and should be 	 to be underestimated when allopatry is incorrectly
imposed on data that have a variable divergence time.constant under the null hypothesis of allopatry.

To know how parapatry might affect the estimation Coding sequences probably fit this characterization bet-
ter than intergenic sequences (Figure 1B).of 	 when allopatry (i.e., constant t across loci) is incor-

rectly assumed, we carried out computer simulations. In We used 345 CDSs and 143 IGSs from human and
chimpanzee and conducted the likelihood-ratio test be-the simplest case, the divergence time in the allopatric

model is fixed at t (Figure 1A), while the divergence tween the two hypotheses, 	CDS � 	IGS � 	0 and 	CDS �
	IGS, where 	CDS and 	IGS are MLEs for the CDS and IGS,time in the parapatric model is uniformly distributed

between t and 2t (Figure 1B). More complex simulations respectively (Takahata and Satta 1997). Under the
null hypothesis, the MLE of 	0 is 1.89 and the log-likeli-have been done but the results can be qualitatively stated

as such: parapatry generally results in the underestima- hood value is �1098.588 (Table 2). Under the alterna-
tive hypothesis, the MLEs for the two regions are 	CDS �tion of 	 (� t/2Ne). Even when the true 	 is 50% larger

in parapatry than in allopatry, as in the case of Figure 1, 1.31 and 	IGS � 2.45 and the log-likelihood value is
�1096.226 (Table 2). The likelihood-ratio test betweenthe estimated numbers are nevertheless in the opposite

direction (Table 1). The reason for this seemingly para- the two models yields a significant result (P � 0.027).
Because the variation among loci in the number of CpGdoxical result is that, under parapatry, the estimate of
sites, which exhibit high mutability (Hellmann et al. 2003),
may have an impact on our estimation, we reestimated 	

TABLE 1 by masking all CG to TG and CG to CA substitutions. The
Simulation results from the schemes of Figure 1, likelihood-ratio test leads to the same conclusion (P �

A (allopatric) and B (parapatric) 0.006, see supplementary Table 1 at http://www.genetics.
org/supplemental/). Strictly speaking, because Ne may

Divergence 95% C.I. of 	 be smaller for the coding than for the intergenic region,
timea 	 (expected) (estimated) as the former is generally less variable than the latter

Model A (allopatric) t 10 7.36 � 18.54 (Pluzhnikov et al. 2002), the null hypothesis should
Model B (parapatric) t � 2t 15 3.48 � 4.72 be 	IGS � 	CDS, making our test conservative. The null

hypothesis of 	IGS � 	CDS is thus rejected.	 was estimated from 100 rounds of simulations. The param-
For the method to be of general use in testing allopat-eter values of t, Ne, and u are given in materials and methods.

a Except for coalescence time. ric speciation, the need for DNA sequences should not
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TABLE 2

Estimation of � � 2tu and � � 4Neu (see Figure 1A) in pairwise comparisons among human,
chimpanzee, and gorilla (� � t/2Ne)

Human-chimpanzee Human-gorilla Chimpanzee-gorilla
(n C � 345, n I � 143) (n C � 76, n I � 53) (n C � 76, n I � 53)

H0: 	CDS � 	IGS � 	0

�CDS 0.00855 0.01299 0.01317
�CDS 0.00454 0.00500 0.00380
�IGS 0.00876 0.01094 0.01204
�IGS 0.00466 0.00421 0.00347
	0 1.88 2.60 3.47
ln L �1093.971 �276.117 �270.641

H1: 	CDS � 	IGS

�CDS 0.00748 0.01286 0.01112
�CDS 0.00579 0.00514 0.00618
	CDS 1.29 2.50 1.80
�IGS 0.00936 0.01099 0.01300
�IGS 0.00382 0.00414 0.00242
	IGS 2.45 2.65 5.37
ln L �1091.530 �276.114 �269.906

P � 0.027 P � 0.950 P � 0.224

exceed what we used above. A need for �500 sequences relative divergence dR � dhc/[(dho � dco)/2], where dhc,
dho, and dco are the levels of divergence between humanwould make the method impractical for most specie

pairs. Nevertheless, between human and chimpanzee, and chimpanzee, human and orangutan, and chimpan-
zee and orangutan, respectively. The mean of dR is 0.5227645 orthologous sequences are available (Clark et al.

2003) to back up the above analysis. For this large data- for CDS and 0.404 for IGS (P � 0.030) while the vari-
ance of dR is 0.166 for CDS and 0.037 for IGS (P set, 	CDS is 1.20, which leads to an even more significant

likelihood ratio (P � 0.0003, see supplementary Ta- 10�7). The results suggest that, on average, coding re-
gions have deeper genealogy than intergenic regionsble 1). Above 500 sequences, an increase in sample size

�500 in this case appears to yield a diminishing return. and the variation is larger in the former than in the
latter, as hypothesized in Figure 1.To standardize the divergence measure and make it

independent of the underlying mutation rate, we also The analysis of Table 2 has also been applied to the
divergence between gorilla and either human or chim-calibrate the human-chimpanzee divergence against the

divergence between these two species and an outgroup. panzee (node b of Figure 1C). By using 76 coding and
53 intergenic sequences the null hypothesis of allopatryWe were able to use only 76 CDSs and 53 IGSs from hu-

man, chimpanzee, and orangutan for this purpose. It cannot be rejected (P � 0.950 for human-gorilla and
P � 0.224 for chimpanzee-gorilla). Although the resultsis assumed that the level of divergence between human

and orangutan is a function of their divergence time, T, are not significant, the chimpanzee-gorilla comparison
appears to be very different from the human-gorillawithout much influence by the ancestral polymorphism,

the contribution of which should be relatively small divergence. In the former, 	IGS � 	CDS and the difference
is larger than that in the human-chimpanzee compari-here. The key parameters are now � � t/T and � �

2Ne/T (see Figure 1 and materials and methods). By son (Table 2). Given the small number of sequences
from gorilla, there is little statistical power to resolvedoing so, 	 (� �/�) was estimated to be 1.55 and 37.3

for the CDSs and IGSs, respectively. While the estimates the issue at this moment. Nevertheless, chimpanzee and
gorilla occupy mainly western Africa, whereas ecologicalare different from those of Table 2 due to both the

small sample sizes and the inherent variability in the and paleontological evidence suggests proto-humans
have migrated to eastern and southern Africa (Leakeyestimation of 	 (see Table 1), the general trend of 	IGS �

	CDS is observed. et al. 2001). Hence a prolonged period of gene flow be-
tween ancestral chimpanzee and gorilla seems plausible.When calibrated against the divergence from the

orangutan, the divergence in CDS and IGS between Finally, we may analyze the joint effect of two specia-
tion events in succession, as shown in Figure 1C. Wehuman and chimpanzee can in fact be directly com-

pared since the governing parameters, � � t/T and assume that the species phylogeny of Figure 1C is strictly
correct and the two allopatric events are separated by� � 2Ne/T, depend only on the common elements, t ,

T, and 2Ne. For each locus, we therefore compute the time t� during which the effective population size was
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TABLE 3 tween deeply subdivided but connected populations
where disparate genealogies preexisted when speciationNumber of DNA segments that support any of the three
took place allopatrically. Such a model can be seen asphylogenetic patterns—(HC)(GO), (CG)(HO), or
a hybrid between parapatry and allopatry. However, if(HG)(CO), where humans (H), chimpanzees (C),

and gorillas (G) and orangutans (O) share the populations can evolve to become differentially adapted
variant with one other species only (P � 0.013) and strongly subdivided in the presence of gene flow,

it seems plausible that they can continue to diverge
(HC)(GO) (CG)(HO) (HG)(CO) without a newly erected geographical barrier to stop

gene flow completely. Moreover, the restriction of geneIntergenic 23 (63.9%) 6 (16.7%) 7 (19.4%)
flow imposed by the diverging genomes should continue(n � 53)
to strengthen as incompatibilities evolve to encompassCoding 26 (49.1%) 14 (26.4%) 13 (24.5%)

(n � 76) larger and larger linkage blocks (Wu and Ting 2004).
Testing such a hybrid model may require both the diver-
gence and polymorphism data at the genomic level
(Wakeley and Hey 1997; Kliman et al. 2000; Machado

N e�. The probability of having a genealogy incongruent et al. 2002). At this moment, testing strict (and simple)
with the species phylogeny, (m, M, M) or (M, m, M) of allopatry among diverse taxa, as outlined here, seems a
Figure 1C, is a function of t�/2N e� (Nei 1987; Wu 1991). logical first step.
The null hypothesis, again, is that t�/2N e� is the same
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